ABSTRACT: This study compared the fluid filtration, adaptation to the root canal walls, and the push-out bond strength of two resin-based sealers and three calcium silicate-based retrograde filling materials. Fifty maxillary canines were shaped using manual instruments and the apical portion was sectioned. Retrograde cavities of 3-mm depth were prepared. The specimens were divided into five groups (n = 10): Sealer 26 (S26); MBPc (experimental); MTA; Portland cement with 20% zirconium oxide (PC/ZO), and Portland cement with 20% calcium tungstate (PC/CT). The fluid filtration was measured at 7 and 15 days. To evaluate the interfacial adaptation, sections of the teeth, 1 and 2 mm from the apex, were prepared and the percentage of gaps was calculated. The push-out bond strength at 2 mm from the apex was evaluated. Statistical analysis was performed using the ANOVA/Tukey's test (p < 0.05). At 7 and 15 days (p = 0.0048, p = 0.006), the PC/CT group showed higher fluid filtration values when compared to other groups. At 1 mm from the apex, no statistical differences in the adaptation were found among the cements (p = 0.44). At 2 mm from the apex, the PC/ZO group presented statistically lower percentage of gaps than S26, MBPc, and MTA (p = 0.0007). The MBPc group showed higher push-out bond strength than other cements evaluated (p = 0.0008). The fluid filtration and interfacial adaptation of the calcium silicate-based cements were similar to those of the resin-based cements. The resinous cement MBPc showed superior push-out bond strength.
Introduction
Bacterial infection is widely known as the main cause of apical periodontitis, the amount of microorganisms in the infected area is a key factor determining the healing or persistence of the apical lesion. 1 When conventional root canal treatment fails, apical surgery is recommended. This procedure requires the root-end resection, eliminating the contaminated portion of the root where the microorganisms are resistant to the disinfection of the canal and are present in form of a biofilm. 2 The selection and use of appropriate root-end filling material that exhibits good adaptation and biological properties, while preventing the leakage is critical for the long-term success of the periapical surgery. 3 
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An adequate root-end filling material should be able to prevent the infiltration of bacteria into the root canals. 4 Gutta-percha, amalgam, calcium silicatebased cements, and MTA have been used as rootend filling materials. 5, 6 The MBPc was developed as a retrograde or root perforation-repair material and exhibits good sealing ability, marginal adaptability, physical, and biological properties. It is an epoxyresin-based sealer containing calcium hydroxide and is available in glass vials as a hydrophobic with a 4:1 base-to-catalyst ratio. 7 Because the leakage from the apical or the coronal direction often leads to treatment failure, the fluid filtration test is frequently used to evaluate leakage. 8 
Marginal adaptation
9 and bond strength of the material with the dentin are also essential factors for the success of the endodontic procedures. 10 The pushout test has been successfully used for measuring the dislocation resistance and the bond strength of a restorative material to dentin. The objective of the study was to compare the fluid filtration, adaptation to the root canal walls, and the push-out bond strength of two resin-and three calcium silicate-based retrograde filling materials. We tested the validity of the hypothesis that there is no difference in the filling quality of the tested retrograde filling materials.
Methodology
Fifty-four maxillary canines with straight root canals were selected following the approval of the ethics committee (CEP 191-2011) . The teeth were sectioned using a 0.3-mm Isomet saw (Buehler, Lake Bluff, USA), leaving 15 mm of root length. The working length was established by taking a #10 K file (DentsplyMaillefer, Ballaigues, Switzerland) until the apical foramen and then subtracting 1 mm. The root canals were shaped in a crown-down manner to a #45 K file (DentsplyMaillefer, Ballaigues, Switzerland). To irrigate the canal, 2.5% sodium hypochlorite was used. For smear layer removal, 17% EDTA (Biodinâmica, Ibiporã, Brazil) was applied for 3 min. After washing with 2 mL distilled water, the canals were dried using paper points. A 45/0.2 gutta-percha cone coated with AH Plus sealer (DentsplyMaillefer, Ballaigues, Switzerland) was inserted to the working length. The root canals were filled using the lateral compaction technique with the help of a B finger spreader (DentsplyMaillefer, Ballaigues, Switzerland) inserted 2 mm short of the working length and accessory gutta-percha points of the size 20/0.2. The teeth were stored at 100% humidity and 37°C for 24 h to allow the sealer to set. Following this, the teeth were horizontally sectioned at 2 mm from the apex and the root-end cavities were prepared using a 1012 bur (KG Sorensen, Barueri, Brazil) until a depth of 3 mm. The cavities were irrigated with 2 mL of 17% EDTA (Biodinâmica, Ibiporã, Brazil) for 2 min to eliminate the smear layer, irrigated with 2 mL distilled water, and dried using paper points. The specimens were then divided into five groups (n = 10) according to the sealer used to obturate the root-end cavity: Sealer 26 (S26), (Dentsply, Petrópolis, Brazil), MBPc (experimental), MTA (Angelus, Londrina, Brazil), Portland cement (Votorantim-Cimentos, São Paulo, Brazil) with zirconium oxide (PC/ZO), and Portland cement with calcium tungstate (PC/CT). The S26 was manipulated to a dense consistency by applying a 5:1 powder to resin ratio. 11 An accelerator to base ratio of 1:1 was used in the preparation of MBPc. MTA was prepared according to the manufacturer's instructions. In the Portland cement groups, 20% by weight of calcium tungstate or zirconium oxide was added. Samples were weighed using an analytical balance with a sensitivity of 0.0001 g. The manipulation of the groups 4 and 5 was performed using a quantity of 1 g of powder and 0.4 mL of distilled water. After filling, the correct obturation was radiographically confirmed and the samples were maintained under an atmosphere of 100% humidity at 37°C.
Assessment of sealing ability
The sealing ability of all groups was measured using a computerized fluid filtration-recording device (Flodec System; De Marco Engineering, Geneva, Switzerland). The fluid movement was monitored by following the movement of an air bubble with the help of a diode laser. This device transforms the linear displacement of an air-liquid meniscus inside the pipette into volume and flow data at a sampling rate of one measurement per second. 12 After 7 days of storage, the root surfaces were waterproofed by applying two coats of nail varnish, except on the apex.
The nail varnish was used to limit the passage of any fluid across the dentinal tubules and to insure that any fluid flow observed was caused by flow along the interface between the sealer and the dentin. Four extra teeth were used for control groups-positive (no filled canal) (n = 2) and negative (filled canal and completely covered with nail varnish) (n = 2).
To estimate the microleakage (μL/min −1
), recordings were made for 12 min under 1.2 atm pressure for each tooth. These samples were incubated for 15 days, counting from the day of obturation, at 37°C in humidified atmosphere and the recordings were repeated.
Interfacial adaptation
Following the fluid filtration test, the samples were horizontally sectioned at 1 and 2 mm from the apex using a 0.3-mm Isomet saw and polished using sandpaper (Politriz, Arotec, Cotia, Brazil) under continuous water irrigation. To calculate the percentage of voids between radicular dentin and the retrograde material (mm 2 ), the area of the image of the canal and that of the visible voids were measured using a stereomicroscope under 50 x magnification (Stemi 2000C; Carl Zeiss, Jena, Germany) and Axiovision software (Carl Zeiss, Jena, Germany).
Push-out bond strength
The 2-mm cross sections were positioned on a metal base with a hold that was centered with the root canal. The aligned device was subjected to a vertical force with the help of a metal tip of 1-mm diameter, fixed to a universal testing machine (EMIC model DL 500 DF, N°. 5775, Curitiba, Brazil). The maximal force applied to the cement before the displacement was measured in Newtons (N). The push-out value, expressed in MPa, was calculated by dividing the force in N by the area of the root canal in mm 2 . To determine the mode of failure, the specimens were examined under a stereomicroscope (Stemi 2000C; Carl Zeiss, Jena, Germany) at 20 x magnification.
Statistical analysis
Statistical analysis was performed using the ANOVA/Tukey's tests because a normal distribution was observed in the D'Agostino & Pearson test. The Prism 5.0 software (GraphPad Software Inc., La Jolla, USA) was used as the analytical tool and the significance level was set at 5%.
Results

Fluid filtration
The mean and standard deviation of fluid penetration (μL/min −1 ) are shown in Table 1 . At 7 days, there was no statistically significant difference between the retrograde filler groups (p = 0.0048). The PC/CT group showed higher microleakage than other groups (p = 0.0048). During the 15-day period of monitoring, the MTA group showed higher microleakage than MBPc group (p = 0.006) and the PC/ZO group showed higher fluid infiltration than the MBPc group (p = 0.006).
Voids between radicular dentin and retrograde material
The median and the range of the percentages of gaps obtained from the stereomicroscopy analysis of the root-end fillings at 1 and 2 mm from the apex are shown in Table 1 . At 1 mm from the apex, no significant differences in the adaptation were observed between the tested materials (p = 0.44). At 2 mm from the apex, the MTA, PC/ZO, and the PC/CT groups showed a higher percentage of voids (p = 0.0007). The lowest mean value was observed for the PC/ZO group. 
Push-out bond strength
Graphic output of the push-out strength (MPa) test for each group is shown in Figure 1 . The MBPc showed higher push-out bond strength (42.93 ± 18.18 Mpa) than other evaluated cements (p = 0.0008), while PC/CT produced the lowest push-out values (17.73 ± 9.83) (p = 0.0008). The S26 showed 24.80 ± 10.60 Mpa push-out strength, which was similar in magnitude to that produced by MTA (25.35 ± 9.44) and PC/ZO (23.15 ± 11.65) cements.
Discussion
The selection of appropriate retrograde filling material is critical for insuring favorable outcome of endodontic surgery. Using models that simulate the clinical conditions, a number of studies have attempted to assess the physical, chemical, and biological properties of these filling materials. 13, 14, 15 In the present study, we found significant differences between the performance of various retrograde filling materials tested, Thus, our results contradict the expectations of the null hypothesis.
Dye penetration techniques and radioisotopes have been used in the analysis of microleakage around the filling materials. 16, 17 The fluid filtration method, offers the unique opportunity to repeat the analyses on the same specimen. 18 In our study the materials analyzed failed to prevent the infiltration of fluids into the root-end filled cavities. A previous study 19 found low values of infiltration when using the MBPc and AH Plus resinous sealers than when MTA was used. A separate study that assessed the apical leakage found that MBPc had superior sealing ability as a root-end filling material when compared to MTA and CPM. 16 The presence of resin component in the formulation of MBPc and S26 likely improved the sealing by the root-end filling due to enhanced adhesion to the dentinal walls and lower contraction. In our study the MBPc, S26, MTA, and PC/ZO also showed low values of fluid infiltration when measured on days 7 and 15. In comparison, the PC/CT group showed high values of infiltration. The Portland cement lacks sufficient radiopacity to be distinguished radiographically from the adjacent anatomic structures such as dental tissues and bone. In the present study, zirconium oxide and calcium tungstate were added as radiopacifiers to the calcium silicate cement. These radiopacifiers are present in the AH Plus and promote the radiopacity of the material. Studies have revealed that Portland cement containing zirconium oxide and calcium tungstate show improved physicochemical properties such as solubility, setting time, promotion of an alkaline pH, and good calcium ion release. 20 Further, these materials also showed reduced cytotoxicity, enabling their clinical applications. 21 In the present study, MTA showed no statistically significant difference from PC when zirconium oxide was included in its composition. However, addition of calcium tungstate led to significantly higher fluid infiltration both at day 7 (p = 0.0048) and 15 (p = 0.0006) than when other materials were used. These results suggest that the increased fluid infiltration was likely due the addition of radiopacifiers to the PC composition. The calcium tungstate likely altered the structure of the PC, causing the formation of cracks and leading to increased infiltration. Further evaluation of the physico-chemical properties of these materials may reveal the factors that contributed to the increased fluid infiltration rates.
The results of the microscopic examination showed that there was no direct relationship between the percentage of voids and the apical leakage. One possibility is that the voids observed at 1 and 2 mm from the apex may not be sufficient to allow the fluid infiltration. The voids observed at 1 mm from the apex may not correspond to those observed at 2 mm from the apex, blocking the continuity of the fluids in the obturation. In contrast to the properties of the resinous material, the MTA flows less freely, enabling the manipulation and insertion into the root canal a more challenging procedure. This may explain the high percentage of voids observed at the sections obtained at 1 and 2 mm from the apex. However, during apicoectomy, the clinician has a better control while placing the retrograde filling, particularly when sealing the external part of the root-end section. It is critical that the external surface of the material is well adapted, because this portion remains in contact with the periapical tissues. The retrograde filling materials should also resist dislodging forces and solubility of the material. 22 Our study revealed that the resin-based cement MBPc had greater bond strength than other materials tested. The volumetric expansion of the resinous materials, 23 the covalent bond between the amino group and the epoxy resin components, 24 and the sealer penetration inside the dentinal tubules 25 may favor high bond strength between the material and the root canal walls. 26 However, we found that the groups with less voids had greater fluid infiltration. Our results are consistent with those of a previous study, which found no significant correlation between sealer penetration into the dentinal tubules and the sealing quality. 27 MTA exhibited better mechanical properties than PC. When these materials encounter the oral fluids, precipitation of carbonated apatite is initiated, which leads to mineral nucleation on dentin, forming an interfacial layer with tag-like structures, and causing micromechanical retention to the dentin. However, the hardness of these materials and their retention to the dentinal walls depend on the water/powder ratio, temperature, humidity, the quantity of air trapped in the mixture, and the particle size of the materials. 28 Higher particle size may affect the marginal adaptation to dentin. In contrast, the resinous materials chemically adhere to the root canal walls. The enhanced adhesion of the MBPc group as observed during the push-out test could be attributed to the ricinus communis polymer, which has been reported to have shown expansion. 29 Further, the addition of calcium tungstate, but not zirconium oxide, affected the bond strength to the dentinal walls.
Although the results of this in vitro study showed better performance of the resin-based cements, other clinical factors, such as the presence of blood and other fluids during surgical procedures, may alter the physical properties of these materials and reduce the sealing ability as well as bond strength. In addition, MTA and PC show bioactivity and osteoconductivity, which are desirable properties when performing apical surgery procedures.
Conclusions
The calcium silicate-based cements showed similar fluid filtration and interfacial adaptation. The resinous cement MBPc showed superior push-out bond strength.
